Blood consists of eight principal cell types of diverse function. They have in common a limited life span and an inability to replicate; they therefore must be replaced continuously throughout life. A small pool of pluripotent hemopoietic stem cells that reside in the bone marrow gives rise to all blood cell types through a process of simultaneous lineage commitment, cell proliferation, and differentiation ( Fig. 1 ). In the last two decades, numerous cytokines have been identified as essential extracellular factors in this process (1) (2) (3) (4) . Some, like stem cell factor, interleukin 3, or granulocyte-macrophage colonystimulating factor (GM-CSF), contribute to the progeny of many blood cell types. Others, like Epo, G-CSF, or thrombopoietin, exert their principal action on progenitors of a single lineage. Mice in which the genes for lineage-specific cytokines or their receptors are disrupted show a severe deficiency in the blood cells that constitute the progeny of their physiological targets (5, 6) . For example, disruption of the EpoR gene results in embryonic lethality caused by the absence of red blood cells; similarly, disruption of the interleukin 7 receptor leads to severe lymphocyte deficiency. Therefore, lineage-restricted cytokine receptors each play an essential and specific role in differentiation. What is it that makes their signaling essential? The report in this issue of Proceedings by Goldsmith et al. (7) builds on a series of reports in the last year (8) (9) (10) (11) that is fundamentally altering our view on the role of cytokine receptors in hematopoietic differentiation.
Two diametrically opposed hypotheses have been proposed to explain the requirement for cytokine receptor signaling. The stochastic hypothesis suggests that commitment of a progenitor to a particular lineage is a stochastic event, subsequent to which cell differentiation proceeds along a pre-determined program; growth factors are merely required to ensure the survival and proliferation of committed progenitors (12) (13) (14) (15) (16) . In contrast, the inductive, or instructive, hypothesis, attributes to growth factors a direct role in cell differentiation, predicting that cell fate will be determined by the type of growth factor acting on the cell (17) (18) (19) . Hybrid hypotheses also have been proposed (20) .
The stochastic hypothesis was first proposed by Till, McCulloch, and colleagues in the early 1960s (12) . They injected irradiated mice with hematopoietic tissue containing multipotent progenitor cells known as CFU-S (or colony-forming unit-spleen). These seeded the spleen, and over the next 2 weeks each gave rise to a colony containing differentiated blood cells as well as a small number of undifferentiated CFU-S cells that arose as a result of CFU-S self-renewal. If rigid control mechanisms were governing the process of CFU-S cell differentiation and self-renewal, then CFU-S cells of similar genotype in a similar environment should give rise to colonies with similar cell content. However, the number of CFU-S cells per colony was found to be highly variable, with most colonies containing very few, and a few containing many.
The frequency of CFU-Ss was best fitted by the ␥ distribution, which describes a process in which either ''birth'' (self-renewal) or ''death'' (differentiation) occur as probabilistic events (ref. 12; Fig. 2 ). On the strength of their data, Till and McCulloch suggested that the process of commitment for differentiation is stochastic, not closely regulated for individual cells, but occurring with a given probability for the population as a whole (12, 14) . A similar analysis suggested that lineage choices subsequent to the commitment of stem cells to differentiation also occurred stochastically (13) . The stochastic model was also most consistent with the finding that ''twin'' colonies, arising after two daughter cells from a single progenitor were separated after cell division and re-plated under identical growth conditions, showed highly variable frequencies of blood cells from different lineages (15) .
The stochastic model was conceived before identification of most of the currently known cytokines. The purification and cloning of cytokines and their receptors made it possible to test their effects on differentiation directly. Experiments using primary cell cultures give a largely uniform answer: addition of cytokines to the growth media (18) , or ectopic expression of their receptors, does not alter the differentiation potential of stem cells. Thus, recombinant expression of either a constitutively active form of EpoR or of the receptor for macrophage growth factor CSF-1 in multi-potent progenitor cells did not bias their differentiation in favor of the erythroid or the macrophage lineages, respectively; instead, there was an increase in the proliferative potential of progenitors (21) . Similarly, transgenic expression in mice of a truncated (hypersensitive) EpoR at the ubiquitously expressed HPRT locus has no effect on baseline hematopoietic parameters; when supplemented with exogenous Epo, the mice exhibit a marked increase in multipotential progenitors but no erythrocytosis (22) .
In contrast, expression of lineage-restricted cytokines or their receptors in established hematopoietic cell lines sometimes results in apparent lineage-specific gene induction. Thus, ectopic expression of GM-CSF in FDCP-1 cells results in their differentiation into granulocytes and macrophages (20) ; and, expression of the EpoR in pre-B Ba͞F3 cells leads to induction of the erythroid protein glycophorin (23) and to ␤-globin gene transcription (24, 25) . For several cytokine receptors, specific domains are essential for generating a differentiation signal but dispensable for mitogenesis (26) (27) (28) (29) . Thus, a C-terminal region of the G-CSF receptor cytoplasmic domain is essential for induction of the neutrophil protein myeloperoxidase but not for transducing a mitogenic signal (26) , and the absence of this C-terminal region is thought to account for some cases of severe congenital neutropenia (Kostmann syndrome) (30) (31) (32) .
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have an uncertain lineage status and poor differentiation responses; for this reason, they should be interpreted with caution. Important to note, intense study of cytokine receptor signaling has not identified candidate signal transduction proteins that could serve as differentiation-specific signals. For example, signaling molecules recruited and activated by the EpoR include JAK2, STAT5, Grb2, SHC, ras, raf, and mitogen-activated protein kinase, the phosphatases SHP1 and SHP2, protein kinase C, phosphatidylinositol-3 (PI-3) kinase, and phospholipase C-␥ (PLC-␥). None of these is unique to the EpoR, and most are activated by a large number of other cytokine receptors as well as other types of growth factor receptors (5, 6) .
Recently, two different approaches were taken to test directly whether lineage-restricted cytokine receptors exert essential inductive influences in differentiation. In the first, the native cytokine receptor was replaced with an heterologous receptor. Primary erythroid progenitors were infected with retroviral constructs encoding the prolactin receptor, a nonhematopoietic receptor, and were cultured in vitro in the presence of prolactin and in the absence of Epo. Surprisingly, the prolactin receptor efficiently supported their differentiation into red blood cells (8) . The prolactin receptor was similarly able to rescue erythroid progenitors from Epo receptor knockout mice (M.S. and H.F.L., unpublished work). Therefore, there is no requirement for an essential, EpoRunique signal in erythropoiesis, rejecting an instructive role for the EpoR. The paper in this issue of Proceedings by Goldsmith et al. (7) shows that the cytoplasmic domain of three other receptors in the same subfamily-the growth-hormone receptor, G-CSF receptor, and c-mpl (the receptor for thrombopoietin)-similarly replace the requirement for EpoR in erythroid differentiation in vitro.
Two principal questions arise. First, the cytokine receptors able to replace successfully the EpoR belong to the homodimeric subfamily of cytokine receptors of which EpoR is a member. Which other receptors can replace the EpoR? Apparently not all, because the tyrosine kinase receptor for CSF-1 is not able to efficiently support erythropoiesis in vitro (33) .
Second, it is important to define the ability of these heterologous cytokine receptors to replace the EpoR in a living animal. The in vivo assay in the report by Goldsmith et al. (7) provides a partial answer by showing that expression of constitutively activated chimeric cytokine receptors results in extensive erythrocytosis. However, these studies were performed in a wild-type mouse expressing the wild-type EpoR as well as Epo. Erythrocytosis may reflect expansion of a progenitor pool by expression of constitutively activated receptors (22, 34, 35) with subsequent terminal differentiation supported by the wild-type EpoR. A rigorous test for the ability of any heterologous receptor to replace the EpoR in vivo will require its expression in EpoR The stochastic model for cell fate determination. A possible sequence of events or ''family tree'' in which a single progenitor gives rise to a hematopoietic colony containing a mixture of differentiated and undifferentiated cells. ''Birth'' (self-renewal, black circles) or ''death'' (differentiation, white circles) occur as probabilistic events (11). The probability P or ''1-P'' for each outcome is the same at each generation. FIG. 1 . Structure of the hematopoietic compartment. Bone marrow pluripotent stem cells may either selfrenew or give rise to eight different hematopoietic lineages through a gradual process of commitment and differentiation. Some of the cytokines involoved in supporting this process are illustrated. M-CSF, Macrophage colony stimulating factor; SCF, stem cell factor; Epo, erythropoietin; Tpo, thrombopoietin; CFU-GEMM, CFU granulocyte-er ythroid-monocytemegakaryocyte; CFU-GM, CFU granulocyte-monocyte; CFU-me, CFU megakaryocyte; CFU-E, CFU erythroid; CFU-Eo, CFU eosinophil; BFU-E, burst-forming unit erythroid.
c-mpl in supporting growth and terminal differentiation of megakaryocytes (36) .
The second approach makes use of transgenic expression of the anti-apoptotic protein bcl-2 on a background of mice mutant for specific cytokine receptors. Mice mutant for the interleukin 7 receptor show severe lymphocyte deficiency; transgenic expression of bcl-2 in T cells of these mice rescued T cell lymphocyte development and reversed the lymphopenic phenotype (9, 10) . Similarly, the low macrophage and osteoclast cell numbers found in the op͞op (M-CSF deficient) mouse can be restored by transgenic expression of bcl-2 in macrophage progenitors (11) . The essential function of these cytokine receptors is therefore to ensure survival of progenitors while lineage commitment and maturation events occur by other means. Of interest, transgenic expression of bcl-2 in erythroid progenitors did not result in Epo-independence (37) which may indicate that the signals generated by EpoR, although not unique, are not exclusively concerned with progenitor cell survival. Alternatively, additional anti-apoptotic pathways may be operating in erythroid cells.
Of interest, this lack of specificity for differentiation appears to have been exploited by leukemogenic oncoproteins. Epoindependent erythroid colony formation is a diagnostic feature of myeloproliferative disorders, and we have demonstrated recently that the BCR͞ABL oncoprotein of chronic myeloid leukemia efficiently supports the differentiation of EpoR Ϫ͞Ϫ erythroid progenitors into red blood cells (Ghaffari, S., Gerlach, M., H.F.L., and G.Q.D., unpublished work).
Taken together, these recent studies suggest that the specificity of lineage-restricted cytokines is a result of the unique expression pattern of each receptor by progenitors of a given lineage. Cytokine receptor expression is the result, rather than the cause, of lineage commitment; it allows specific cytokines to selectively rescue and amplify progenitors of a particular lineage according to physiological need. The unique outcome of cytokine receptor signaling is a result of the unique cellular environment in committed progenitors. Differentiation of committed progenitors apparently proceeds along a predetermined program, supported by cytokine receptor-activated ''generic'' signals common to many cytokine receptors.
The absence of instructive signaling by lineage-restricted cytokine receptors raises the question of how lineage commitment is determined. We cannot exclude a role for as yet unknown extracellular inductive factors in this process. Alternatively, cell fate determination may occur stochastically. The biochemical events that might result in a stochastic lineage choice are completely unknown; similarly, it is not clear whether the probability of a stochastic event may be altered by external factors.
Programs of lineage-specific gene expression are thought to be induced by master regulator transcription factors. SCL is a master regulator of hemopoiesis, without which no blood cells are formed (38) (39) (40) . GATA-1 may play a similar role in the erythroid lineage because in its absence no red cells are formed (41) . Although it is not known how these transcription factors are regulated, it now seems unlikely that cytokine receptor signaling plays an essential role in this process.
Last, if different cytokine receptors activate largely similar signaling molecules, why are their cytoplasmic domains so divergent? The principal function of cytokine receptors appears to be the regulation of cell numbers of a particular lineage; their cytoplasmic domains therefore may be uniquely adapted to provide the required ''gain'' in response to a proliferative stimulus. Indeed, negative signals that presumably feed back and dampen receptor signaling are known to emanate from cytokine receptors (42) (43) (44) (45) (46) , which also is demonstrated by several families with hereditary erythrocytosis who carry a truncated EpoR (47, 48) . Cytokine receptors may therefore each generate a uniquely different quantitative, rather than qualitative, response, in line with the physiological processes they each regulate.
